When investigating perceptual learning (PL), most researchers use real figures as stimuli, but PL can occur when subjects are trained with virtual stimuli or even without any visual stimuli at all. Here, we first demonstrated that virtual lines have the same perceptual attributes as real lines by confirming that there is also an oblique effect in virtual lines (formed by a pair of circles) in an orientation discrimination task. Then, our ERP study showed that orientation discrimination learning and its transfer across real and virtual lines were associated with more negative parietal-occipital P1-N1 (reduced P1 and enhanced N1), which indicated the involvement of high-level stages of visual information processing or the involvement of top-down influences. At the same time, the specific ERP changes in the frontal ERP components were differently associated with real versus virtual line orientation learning. That is, real line learning was characterized by an early and short-lasting frontal N1 (120-140 ms) reduction, in contrast to a much later, widespread, and long-lasting P150-300 decrease in virtual line learning. These results contribute to the understanding of the neural basis of perceptual learning and the distinction between real and virtual stimulus learning.
Introduction
Perceptual learning (PL) refers to the relatively permanent modification of perception and behavior following a sensory experience. The orientation discrimination task is one of the most intensively studied PL tasks. In this task, subjects need to decide whether a grating or a line is tilted clockwise or anticlockwise with respect to the reference. Performance on this task dramatically improves with practice; moreover, this learning effect is specific to the position and orientation of the stimuli (Schoups, Vogels, & Orban, 1995) . In typical PL models, this specificity is interpreted as an indicator of the retinotopic early visual cortical locus of learning, where different orientations are processed separately (Adini, Sagi, & Tsodyks, 2002; Freeman et al., 2003; Teich & Qian, 2003) . Indeed, significant modulation of learning on V1/V2 activity have been found in single-unit recording studies of animals and functional magnetic resonance imaging (fMRI) studies in humans (Schoups et al., 2001; Yotsumoto, Watanabe, & Sasaki, 2008) . However, recent studies have found that this specificity can be abolished in some situations (Aberg, Tartaglia, & Herzog, 2009; Harris, Gliksberg, & Sagi, 2012; Jeter et al., 2010; Wang et al., 2012; Xiao et al., 2008; Zhang et al., 2010) . At the same time, neuroimaging studies suggest that perceptual improvements could be associated with changes in higher visual areas (Yang & Maunsell, 2004) , even outside the visual cortices (Bartolucci & Smith, 2011; Kahnt et al., 2011; Lewis et al., 2009) .
When investigating PL, most researchers have used real figures as stimuli, with the explicit or implicit assumption that PL is driven by real stimuli. However, visual PL can occur when subjects are trained with virtual stimuli or even without any visual stimuli at all (Shibata et al., 2011) . For example, perceptual learning improved bisection discrimination when only the two outer lines of the bisection stimulus were presented, and the central line had to be imagined . Similarly, significant learning was evident after training of an illusory line orientation discrimination task . These data demonstrate the generality of perceptual learning with multiple stimuli. In addition, psychophysical observations have shown a prominent oblique effect in the orientation discrimination of virtual lines formed by a pair of blobs (Heeley & Buchanan-Smith, 1996) or dots (Westheimer, 2001 ) that would elicit little or no response in the oriented neurons in the visual cortex, suggesting that the perception of real and virtual line orientations might share common neural substrates at sites more central than the primary visual cortex.
Therefore, it is of interest to compare visual PL on a range of visual stimuli and to examine conclusions about the stage of visual processing at which real and virtual stimuli learning share overlapping or distinct neural substrates. In this study, we first replicated the oblique effect with real and virtual lines in a foveal orientation discrimination task. Then, two groups of participants were trained by the same line orientation discrimination task with real or virtual lines. Except for the stimuli, all experimental paradigms for these two groups were the same. We monitored the two groups' orientation discrimination threshold changes during training and measured their EEGs before, during, and after training. Our aim was to determine which type of learning effects in the brain, i.e., early or late cortical processing changes, could transfer between real and virtual line learning. High-density event-related potentials (ERPs), which offer high temporal resolution with reasonable spatial resolution, may provide indexes for differentiating the common and specific neural substrates of visual PL.
Experiment 1: oblique effects of real and virtual lines
There is a strong consensus that orientation discrimination thresholds are higher in oblique orientations than in the horizontal or vertical. This orientation anisotropy, known as the oblique effect, is manifested in a wide variety of perceptual tasks (Davey & Zanker, 1998; Westheimer, 2003) . In Experiment 1, we investigated whether virtual lines have similar oblique effects as real lines. The oblique effect index (OEI) is defined here as the ratio of the threshold in the oblique orientation ($36°) to that in the horizontal orientation ($0°). OEI > 1 indicates a higher threshold for the oblique orientation.
Materials and methods

Subjects
Eleven right-handed observers (five males and six females, undergraduate and graduate students, aged 20-28 years) with normal or corrected-to-normal vision participated in this study as paid volunteers. All were new to psychophysical experiments and were unaware of the purpose of the study. This research was approved by the Beijing Normal University Institutional Review Board, and informed consent was obtained from all subjects.
Stimuli and apparatus
Two types of lines (real and virtual lines, Fig. 1A ) were used in the experiment. All the stimuli were white (full luminance) on a uniform black background and were presented in the center of the screen. The real line was a single straight white line (2 pixels, 0.8 arcmin wide; 750 pixels, subtending 5°). There was no explicit line for the virtual line whose orientation was demarcated by a pair of circles at each end (3 arcmin outer diameters and 2 arcmin inner diameters each; the distance between the two circles was 750 pixels, subtending 5°).
All the stimuli were generated by a MATLAB program and presented on a 21-in. CRT gamma-linearized color monitor (1600 Â 1200 pixels; 0.25 Â 0.25 mm per pixel; 75 Hz frame rate). To prevent subjects from using external references, such as monitor edges, to determine the orientations of the stimuli, the stimuli were viewed at a distance of 85 cm through a circular opening (29 cm diameter) of a black piece of cardboard that covered the entire monitor screen. All experiments were conducted in a dimly lit room. Viewing was binocular.
Trial sequence and procedure
We measured the orientation discrimination thresholds for each of two orientations ($0°or $36°) for both real and virtual lines by using a standard two-alternative forced choice (2-AFC). Each trial began with the presentation of a central green fixation dot (400 ms), followed by a blank interval (300 ms), then the reference and test lines (both were real lines or virtual lines) were separately presented for 200 ms with an inter-stimulus interval of 600 ms. Subjects were asked to judge whether the test line, compared to the reference line ($0°or $36°), had a more clockwise or anti-clockwise orientation by pressing one of the two buttons with their right hand. Auditory feedback was given for incorrect responses. The orientation of the reference line was varied slightly on every trial (randomized at 0 ± 5°or 36 ± 5°) to ensure that the stimulus presented during each interval were actively compared to each other, rather than to remembered information about the average reference orientation. An additional position jitter was added separately to both the reference and test lines on each trial (vertically and horizontally randomized in the center of the screen by À0.75°to 0.75°) to prevent the subjects from using the relative positions of dots or line terminals/endpoints to perform the task.
The staircase followed a 3-down-1-up rule, which resulted in a 79.4% convergence rate. The step size of the staircase was 0.05 log units. Each staircase (approximately 60 trials) consisted of 4 preliminary reversals and 6 experimental reversals. The geometric mean of the experimental reversals was taken as the threshold for each staircase. There were 5 staircases for each orientation. The reference orientation ($0°or $36°) and line type (real or virtual) was presented in a counterbalanced order between subjects. At the beginning of the experiment, the subjects practiced the operation for several trials of each condition to ensure that they understood how to perform the task.
Results
The mean orientation discrimination thresholds of the real lines were 1.59 ± 0.09 (mean ± standard error) for 0°and 2.71 ± 0.22 for 36°. For the virtual lines, the mean thresholds were 2.46 ± 0.25 for 0°and 3.70 ± 0.32 for 36° (Fig. 1B) . The statistical results suggest that there is an oblique effect in virtual lines, and it is as prominent as that of real lines (2 Â 2 ANOVA, main effect of stimulus type (real or virtual): F(1, 10) = 14.262, p < 0.005; main effect of orientation ($0°and $36°): F(1, 10) = 31.456, p < 0.001; stimuli type Â orientation: F(1, 10) = 0.130, p = 0.726). This suggestion was confirmed by the insignificant difference [t(10) = À0.611, p = 0.555] between the mean OEIs of the real lines (36°/0°threshold ratio = 1.74 ± 0.15) and virtual lines (1.61 ± 0.17).
Discussion
There was, notably, a prominent oblique effect for both real and virtual lines. These results should be interpreted in association with earlier ones demonstrating a powerful oblique effect for the orientation of more complex configurations (Li & Westheimer, 1997; Westheimer, 2001 Westheimer, , 2003 . In addition, this experiment confirmed that virtual lines have the same perceptual attributes as real lines and excluded the possibility that the subjects performed the task by comparing the relative positions of two circles or line terminals because position discrimination exhibited no oblique effect (Westheimer, 2001 ).
Experiment 2
In Experiment 2, we used ERPs to compare the neural substrates underlying PL in real lines with those underlying PL in virtual lines. Because PL could not change the thresholds in vertical or horizontal orientations, even after 5000 practice trials (Vogels & Orban, 1985) , only the oblique orientation ($36°) was used for training in this experiment. Orientation discrimination thresholds for real and virtual lines at $0°and $36°for six observers. For both real and virtual lines, there was poorer performance when lines are obliquely oriented than when they are horizontal. (C) ERP experiment design. Subjects completed eight sessions (S1-S8) in eight successive days. The untrained stimuli were virtual lines for the ''real'' group, and vice versa. (D) The left half shows the MPI of orientation discrimination threshold for the ''real'' group. The right half shows the learning curves of the ''real'' group (green circles), the pre-and post-test thresholds for the untrained stimuli (red squares) and the rotated orientation (yellow circle). (E) The left half shows the MPI of the orientation discrimination threshold for the ''virtual'' group. The right half shows the learning curves of the ''virtual'' group (green circles), the pre-and post-test thresholds for the untrained stimuli (red squares) and the rotated orientation (yellow circle). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Materials and methods
Subjects
Thirty undergraduate and graduate students (aged 20-28 years) participated in this study as paid volunteers. None of them had participated in Experiment 1. Subjects were randomly arranged to two groups: the ''real'' group (6 males and 9 females; subjects were trained with real lines) and the ''virtual'' group (8 males and 7 females; subjects were trained with virtual lines). All subjects had normal or corrected-to-normal vision and were righthanded. In addition to these 30 subjects, 3 subjects were excluded from subsequent experiments after they took the first ERP test due to excessive artifacts in their ERP recordings. This research was approved by the Beijing Normal University Institutional Review Board, and informed consent was obtained from all subjects.
Stimuli and trial sequence
The stimuli and trial sequence were the same as those used in Experiment 1, except that only the oblique orientation ($36°) was used for training in this experiment.
Procedure
The experiment consisted of eight sessions on eight successive days (Fig. 1C) . First, subjects performed a behavioral pre-test in S1 (including a real line test and a virtual line test, randomized order) and an ERP pre-test in S2 (including a real line test and a virtual line test, randomized order). Then, subjects were separately trained with real or virtual lines in S3 according to their groups (for the ''real'' group, the trained stimuli were real lines and the untrained stimuli were virtual lines and vice versa for the ''virtual'' group). In S4, an ERP mid-test was performed (only one test of trained stimuli). After two more days of training (S5 and S6), subjects had an ERP post-test in S7 (same as the ERP pre-test) and a behavioral post-test in S8 (same as the behavioral pre-test). All training and tests were performed in the $36°orientation. At the end of the experiment, behavioral performance was also measured at the rotated $126°orientation of their test stimuli in order to test the orientation specificity of learning.
In behavioral sessions, there were 5 staircases in the test sessions (approximately 20 min) and 12 staircases in the training sessions (approximately 50 min). Each staircase (approximately 60 trials) consisted of 4 preliminary reversals and 6 experimental reversals. The geometric mean of the experimental reversals was taken as the threshold for each staircase. In the ERP sessions, there were five 40-trial blocks in each test session (approximately 13 min), and no feedback was given to the subjects. The orientation difference between the reference and test lines was fixed in all ERP recordings for each subject, by using his or her original thresholds measured in S1. This control ensured that the task difficulty was equal across all subjects and conditions. Subjects had unlimited free rest periods between staircases in the behavioral sessions and between blocks in the ERP sessions.
EEG recording and processing
The EEG was acquired using a 128-channel system (HydroCel Geodesic Sensor Net, Electrical Geodesics, Inc., Eugene, OR), and all data processing was run offline using Net Station EEG Software. The impedance of all electrodes was kept below 50 kX during data acquisition. All electrodes were physically referenced to Cz (fixed by the EGI system) and then were re-referenced off-line to the average of the left and right mastoid channels (Fig. 2) . The EEG was amplified with a band pass of 0.01-200 Hz, which was digitized on-line at a sampling rate of 500 Hz. During the off-line analysis of the EEG data, a finite impulse response bandpass filter with a low-pass frequency of 40 Hz was employed. The data were segmented relative to the test-stimulus-onset (200 ms before and 600 ms after) and were sorted according to the line types (real, virtual) . Epochs contaminated by eye blink or eye movement artifacts, as well as incorrect behavioral responses, were eliminated. The baseline began at 200 ms pre-stimulus and lasted for 200 ms. Epochs were averaged for every subject and for each session. Overall, there were $149 stimulus-related EEG segments ($25% of trials were excluded) averaged for each condition within each session.
ERP data analysis
For the ERP data, in general, the waveforms evoked by the real and virtual lines had very similar components (Figs. 3 and 4) . We identified four components according to their latencies, polarities, and topographic properties. They are posterior P1 (100-130 ms) and N1 (130-200 ms) components at the occipital, parietal-occipital and parietal sites, anterior N1 (120-140 ms) and P150-300 (150-300 ms) components at the frontal and frontal-central sites. The effects of learning were studied by examining changes in the amplitudes of these four components. We analyzed the posterior P1-N1 in the 100-200 ms time window at the occipital (O1 and O2), parietal-occipital (PO3, E66, PO4, PO7, E76, and PO8) and parietal (P1, E59, P2, P7, E91 and P8) sites (Fig. 2) . The anterior N1 (120-140 ms) was measured from three frontal electrodes (F1, Fz and F2), and the anterior P150-300 (150-300 ms) was measured from the frontal-central (E12, FCz and E5) electrodes. Statistical analyses were based on the averages of several adjacent electrodes in the same region and hemisphere (Fig. 2) . We used the repeated measure MANOVA, and the factors were ''group'' (real and virtual; between-subject factor), ''test'' (ERP pre-, mid-and post-test for the trained stimuli; ERP pre-and post-test for the untrained stimuli; within-subject factor), ''hemisphere'' (left and right; within-subject factor) and ''area'' (different electrodes for different component; within-subject factor). If any significant interactions related to ''test'' were found, the subsequent simple effects were analyzed. In all analyses, in case of sphericity violations, the significance levels of the F ratios were adjusted by Greenhouse-Geisser correction.
Results
Behavioral results
After several days of training, the orientation discrimination thresholds of the trained stimuli significantly decreased in both groups (''real'' group: Mean percent improvement (MPI) = 1 À post-training/pre-training threshold = 37.24 ± 5.25%, t(14) = 7.09, p < 0.001; ''virtual'' group: MPI = 22.35 ± 1.8%, t(14) = 3.40, p < 0.005; two-tailed paired simple t-test; Fig. 1D and F) . In addition, this improvement was partly specific to the trained orientation for both groups (''real'' group: MPI of untrained 126°= 23.41 ± 5.36%; ''virtual'' group: MPI of untrained 126°= 2.30 ± 10.56%; both were significantly smaller than the MPI of trained 36°: ps < 0.008; Fig. 1D and F) .
At the same time, the threshold of the untrained stimuli was also significantly decreased in both groups (''real'' group: MPI of virtual line = 24.88 ± 3.04%, t(14) = 8.19, p < 0.001; ''virtual'' group: MPI of real line = 25.90 ± 7.81%, t(14) = 3.32, p < 0.006; Fig. 1D and F). However, for the ''real'' group, the MPI of the untrained virtual line was significantly smaller than that of the trained real line (24.9 ± 0.8% versus 37.2 ± 1.4%; t(14) = 2.35, p < 0.034), indicating that the learning effect partially transferred from real to virtual lines. For the ''virtual'' group, there was no significant MPI difference between the virtual and real lines (22.4 ± 1.8% versus 25.9 ± 2.1%; t(14) = 0.60, p = 0.556), indicating overall complete learning transfer from virtual to real lines.
Here, the two groups had similar pre-test thresholds for both the real line (t(28) = À1.25, p = 0.222, two-tailed independent sample t-test) and the virtual line (t(28) = À0.599, p = 0.554), suggesting that the subjects in the two groups were homogeneous in these two tasks.
ERP results 3.2.2.1. P1-N1 (100-200 ms).
We first analyzed the ERP changes of the trained stimuli across the three ERP tests to estimate the learning effect, specifically the real-line-elicited ERP changes in the ''real'' group and the virtual-line-elicited ERP changes in the ''virtual'' group. The results showed that, during several days of training, the ERP P1-N1 became significantly more negative in both groups (test: F(2, 56) = 5.011, p < 0.012; test Â group: F(2, 56) = 0.147, p = 0.853; Fig. 3 ). That is, training significantly modulated both posterior P1 and N1 amplitudes, and these two adjacent effects showed the same directions of change (reduced P1 and enhanced N1). In addition, the P1-N1 significantly changed over the parietal-occipital (p < 0.007) and parietal areas (p < 0.001), but there was no significant change over the occipital area (p = 0.180; Fig. 5 ), which resulted in a significant test Â area (F(4, 112) = 4.139, p < 0.014).
We then estimated the transfer effect by analyzing the change in the ERPs elicited by the untrained stimuli, i.e., the virtual-lineelicited ERP change in the ''real'' group and the real-line-elicited ERP change in the ''virtual'' group. Similarly, a significant negative shift in P1-N1 was observed in both groups (test: F(1, 28) = 5.254, p < 0.031; test Â group: F(1, 28) = 0.021, p = 0.886; Fig. 3 ) over the parietal-occipital (p < 0.029) and parietal areas (p < 0.009) but not over the occipital area (p = 0.123; test Â area: F(2, 56) = 3.947, p < 0.050). These results indicated that the more negative P1-N1 responses could completely transfer between the two types of line orientation learning. This result was confirmed by the insignificant change differences observed between the trained and untrained stimuli in both groups (''real'' group: p = 0.673; ''virtual'' group: p = 0.985).
Anterior N1 (120-140 ms)
. Some interesting patterns of ERP changes at the frontal electrodes that were differently associated with the ''real'' versus ''virtual'' groups emerged. The anterior N1 amplitudes elicited by the trained stimuli significantly decreased over the frontal area in the ''real'' group (F(2, 56) = 4.58, p < 0.015), but no significant changes were observed in the ''virtual'' group (F(2, 56) = 0.73, p = 0.487; Figs. 4 and 5) . Moreover, the anterior N1 decrement was a specific effect and did not transfer to the untrained stimuli because no significant change was found for the untrained stimuli (test: F(1, 28) = 0.558, p = 0.461; test Â group: F(1, 28) = 0.110, p = 0.743).
3.2.2.3. Anterior P150-300 (150-300 ms). In contrast to the anterior N1, the later anterior P150-300 elicited by the trained stimuli remained unchanged in the ''real'' group (F(2, 56) = 1.218, p = 0.303) but significantly decreased gradually over the frontal-central area in the ''virtual'' group (F(2, 56) = 4.288, p < 0.019; test Â group: F(2, 56) = 4.064, p < 0.023; Figs. 4 and 5) . Although a slight decrease was also found for the untrained stimuli (F(1, 28) = 4.282, p < 0.048), the change in the untrained stimuli was significantly smaller than that of the trained stimuli in the ''virtual'' group (F(1, 14) = 5.027, p < 0.042), suggesting that the P150-300 reduction was still partly specific to the virtual line learning.
BESA localization.
We performed dipole modeling of the intracranial sources of the grand-averaged difference waves (postminus pre-test ERPs elicited by the trained stimuli) using the BESA algorithm. A realistic anatomical model (for adults) in BESA was used as an approximation for dipole fitting. The difference waves were fitted over 100-200 ms and 100-300 ms with two symmetrical pairs of dipoles in the ''real'' and ''virtual'' groups, respectively (Fig. 6 ). For both groups, the best-fitting source estimated one pair of dipoles approximately located in the frontal cortex (''real'' group: x = ±42, y = 44, z = 26; ''virtual'' group: x = ±43, y = 42, z = 24), according to Talairach coordinates. The other pair of dipoles was approximately located in Brodmann area 19 of the occipital cortex (''real'' group: x = ±31, y = À59, z = À4; ''virtual'' group: x = ±32, y = À58, z = À3). These dipoles provided a very good fit to the observed ERP waveforms with low RVs of 8.5% and 9.8% for the ''real'' and ''virtual'' groups, respectively. In addition, the source waveforms in Fig. 6 show that the occipital dipoles mainly account for the negative shift between 100 and 200 ms in both groups, whereas the frontal dipoles in the ''real'' group mainly account for the in the early frontal changes and the frontal dipoles in the ''virtual'' group mainly account for the changes in about 150-300 ms range. Different dipole-fitting strategies that included relaxing symmetry constraints and using different starting locations yielded highly similar dipole configurations.
3.2.2.5. Further analysis. First, we further analyzed the training-induced latency changes in the four ERP components. None of the main effects of test and interaction were significant, suggesting that training does not affect the ERP latencies in either the ''real'' or ''virtual'' groups. Second, we examined whether EOG amplitude differed between conditions during the period of P1-N1 (100-200 ms), or before it (0-100 ms). Neither the vertical or horizontal EOG amplitudes reliably differed between the pre-and post-test in either group, suggesting that EOG differences cannot account for our results. Third, although the pre-test ERP waveforms seemed to be different between the two groups (partly because of the large individual differences among subjects and our experimental paradigm), these differences did not reach significant (MANOVA, as mentioned above) in the real and virtual lines conditions, respectively, within time windows of 100-200 ms and 200-350 ms (covering the main four components). It was also unlikely that the behavioral learning effects were the result of the differences in pre-test ERP waveforms. We calculated the relationship between the behavioral improvement (MPI) and the pre-test ERP waveforms for each ERP component in the real and virtual lines conditions, respectively. No reliable correlation was found. Lastly, we matched the numbers of trials between the pre-and post-tests by randomly selecting epochs for each observer from tests containing more trials. The new analyses revealed similar results and suggested that differences in the number of trials did not affect our results.
Discussion
By comparing the ERP changes in observers who were trained with real or virtual line orientation discrimination, we demonstrated (B) (A) Fig. 3 . The ERPs elicited in the parietal-occipital region (mean waveform of the six selected electrodes in this region). (A) The grand averaged ERP in the parietal-occipital region in each ERP test session. The dotted, dashed and continuous waveforms refer to the pre-, mid-, and post-test of ERPs, respectively. For both the ''real'' and ''virtual'' groups, the P1 decreased and the N1 increased across training sessions. These effects were unspecific to the trained line type and were transferable to the untrained stimuli. (B) The difference waveforms between pre-and post-test ERP in the parietal-occipital region.
that orientation discrimination learning and its transfer across real and virtual lines are associated with more negative ERP P1-N1 (reduced P1 and enhanced N1). However, the specific ERP changes in the anterior ERP components were differently associated with the real versus virtual orientation learning.
Visual perceptual learning is known to be mostly specific to the trained locations and orientations, which is often taken as evidence of neural plasticity in the retinotopic early visual cortex (Bejjanki et al., 2011; Karni & Sagi, 1991; Schoups, Vogels, & Orban, 1995) . However, recent psychophysical studies have suggested that these specificities may, in fact, not be inherent to PL. If proper training procedures are used, visual PL is transferrable, in many cases completely, to untrained retinal locations and orientations (Aberg, Tartaglia, & Herzog, 2009; Jeter et al., 2010; Wang et al., 2012; Xiao et al., 2008; Zhang et al., 2010) . These results suggest that perceptual learning is a high-level learning process beyond the retinotopic early visual areas. Our results showed that, although the virtual line (formed by a pair of circles that were 5°apart) would elicit little or no response in oriented neurons in the visual cortex, the performance of virtual line orientation discrimination dramatically improved with practice and this learning effect is also partly specific to the trained virtual orientation, which was quite similar to real line learning. Moreover, learning could transfer completely from virtual to real line learning. All of these results indicated that PL of real and virtual orientations might at least partially rely on overlapping mechanisms beyond the early visual cortex.
ERP has been used to examine the mechanism of PL for a long time. For example, Skrandies and Fahle (1994) first reported the alterations of ERP components in the human brain induced by repeated presentation of visual stimuli. In the current study, The ERP data provided more details about the common neural substrates of visual PL in orientation discrimination. The more negative P1-N1 associated with orientation learning and transfer is evident regardless of whether the trained line was real or virtual. Moreover, the localization of this unspecific P1-N1 change's dipole to the extrastriate visual cortex, as well as its 100-200 ms latencies and its mapping properties (mainly at the lateral parietal-occipital cortex sites, but not at the occipital sites), strongly indicated the involvement of high stages of visual information processing or the involvement of top-down influences during visual PL. This suggestion is consistent with previous single-unit studies that orientation learning is more correlated to changes in V4, rather than V1, neurons (Raiguel et al., 2006; Yang & Maunsell, 2004) and our another recent study that Vernier perceptual learning and its transfer across the cerebral hemisphere are also associated with more negative ERP P1-N1. However, location specificity is associated with weak or no P1 reduction and N1 enhancement, but with N1 suppression corresponding to the untrained retinal location (Zhang Fig. 4 . The ERPs elicited in the frontal region (mean waveform of the three selected electrodes in this region). (A) The grand averaged ERP in the frontal region for each ERP test session. The dotted, dashed and continuous waveforms refer to the pre-, mid-, and post-test of ERPs, respectively. After training, the anterior N1 for the ''real'' group decreased, whereas the anterior P150-300 decreased for the ''virtual'' group. These effects were specific to the trained lines and were not transferable to the untrained stimuli. (B) The difference waveforms between pre-and post-test ERP in the frontal region.
et al., in press), which excluded the possibility that the P1/N1 changes are general repetition effects. Certainly, further research should investigate whether the P1/N1 changes are specific to the trained orientation in real and virtual line learning.
Single-unit and fMRI studies have not only shown that the retinotopic early visual cortex but also the non-retinotopic higher brain areas that are more related to attention and decision-making are involved in visual discrimination (Gold & Shadlen, 2007; Mukai et al., 2007) . Recent neurophysiological and fMRI evidence has further shown that the brain areas responsible for decision-making, such as LIP and ACC, are also involved in visual perceptual learning (Kahnt et al., 2011; Law & Gold, 2008) . Therefore, it is not surprising to find that both real and virtual orientation learning decreased some anterior ERP components in our study, suggesting the reduction of top-down modulation in higher-order decision-making or attention systems (Fahle, 2009; Herzog & Fahle, 1998 ; Sigman , 2005) , as indicated by source localization. This hypothesis is supported by our previous ERP study, which found that PL also involves a decrease in frontal P170 (Qu, Song, & Ding, 2010) . Certainly, due to the relatively low spatial resolution provided by the ERP, further research should combine the high-temporal-resolution ERP with the high-spatial-resolution neuroimaging methods (such as fMRI), which can more accurately discern the cortical areas involved in real and virtual orientation learning.
Interestingly, the patterns of ERP changes over the frontal areas were differently associated with the ''real'' versus ''virtual'' groups. Real line learning was characterized by an early and short-lasting N1 (120-140 ms) reduction, in contrast to much later, widespread, and long-lasting P150-300 decrement in virtual line learning. Moreover, the anterior effects of both groups were specific to the trained line type and could not generalize to each other. In the beginning of training, the orientation discrimination of the virtual line is more complicated because subjects first need to connect the two separate circles as a line in the brain. The distance between the two circles was too large (5°apart) to be automatically completed by visual completion, so the intentional virtual connection, controlled by the later and higher-level brain functions, might play an important role in virtual line learning. On the other hand, the orientation discrimination of the real line is less complicated, and its learning might involve earlier modulation of high-level brain functions. This concept may explain why there is incomplete behavioral learning transfer from real to virtual lines.
It should be noted that the first visual component C1 could not be reliably identified in the current study, partly because the stimuli were single thin lines (or small circles) and presented in the center of the screen. In prior ERP studies, the stimuli were always presented either in the upper or low visual field in order to elicit C1 component. Moreover, the learning effects on C1 amplitude have been mixed, either seen as a small decrease after 1 day of training in a TDT task (Pourtois et al., 2008) , or as a small increase after 24 days of training in an orientation discrimination task (Bao et al., 2010) . This controversy may reflect changes at different time points of learning (Qu, Song, & Ding, 2010; Yotsumoto, Watanabe, & Sasaki, 2008) or differences in the training tasks. Further study need to investigate whether the earliest visual signal, which deemed as originated from primary visual cortex, is involved in real or virtual line orientation learning.
